• The difficulties in analyzing pulsatile pressure and flow in the circulatory system can hardly be overestimated. Although the socalled Navier-Stokes equation expresses the general relation between pressure gradient and the resulting motion of a viscous Newtonian liquid, its exact solution depends upon the choice of boundary conditions. In pulsatile flow fluid motion A'aries from point to point and from moment to moment and must therefore be described by a time-dependent three-dimensional vector field. The present state of knowledge in the physical as well as biological sciences is inadequate for an exact solution since we are dealing with a non-Newtonion fluid, in a viseo-elastic system of branched, tapered tubes with multiple changes in geometry.
One of the characteristics of the behaviour of the vascular system is the dispersion of the pulse wave during its travel. A number of attempts have been made to analyze this feature Avith the help of analogues, an approach introduced into hemodynamics by B. H. Weber. 1 The progress of the engineering sciences led to a rapid extension of these methods, with models ranging from rubber tubes to transmission lines and wave guides. Based on a number of simplifying assumptions, Womersley 2 has developed a coherent physical theory of pulsatile flow and his analysis has been applied by McDonald, 3 ' 4 Taylor, 5" 7 Hardung, [8] [9] and others to the evaluation of experimental results obtained from models and from studies of the peripheral circulation .
Since little is known about the pulsatile behaviour of the pulmonary circulation, this study of the transmission of the pressure pulse in the pulmonary artery of the living dog was undertaken. We will first present a short outline of the basic theory and then examine the experimental results against this background.
THEORY
The theoretical analysis is based on a simplified model of a uniform vascular segment, the behaviour of which can be described by linear differential equations. The justification of basing such a model on a number of assumptions and approximations lies in the tremendous simplification of the analytical treatment. Once the basic usefulness of a model has been shown, it can always be modified and improved as new experimental data become available.
The behaviour of the vascular system is determined by its physical parameters: 'mass, elasticity and viscosity. Neglecting secondary flows, the fluid moves both in radial and axial directions. The response of such a S3?stem to a driving force, such as that generated by the heart, will be different at various frequencies, and this frequency dependence is determined not only by its individual components but also by the way in which they are interconnected. The response of a linear system to any driving force can be predicted once its frequency behaviour is known. To analyze the response of the system at various, frequencies, one can lump its parameters at one point, which means that the response to an excitation is at every instant identical throughout the system, i.e., one uses simple differential equations to describe the system. The Windkessel theory is a classical example of this approach. If the error introduced by this approximation is not tolerable, one has 624 ATTINGEE to describe the model in terms of partial differential equations, where one thinks of the various parameters as distributed throughout the system. As an example, if we take a pulmonary artery of 10 em length, a heart rate of 120/min and a pulse wave velocity of 200 cm/sec, we observe a phase difference between the two end points of 36° for the fundamental frequency and 180°, or half a cycle length for the fifth harmonic. Since such phase differences are far from negligible for our purposes, we have to resort to an analysis using distributed parameters, i.e., all the variables are a function of distance as well as of time.
The complicated form of pressure and flow pulse are not amenable to an easy analytical approach. However, any periodic function which has at most a finite number of discontinuities, minima and maxima (Dirichlet conditions), can be represented as a linear superposition of sine waves, which are generally more manageable in a mathematical treatment. Such a Fourier analysis is a perfectly valid method of representing a single pulse wave. However, the calculations based on such an analysis require that the system be linear. The vasculature is certainly nonlinear in most of its properties; however, the error introduced by assuming linearity is probably less than the measuring error in such experiments.
2-*• ° The simple harmonic components of the pulse wave are propagated at a definite velocity and one has to consider the relation between the shortest essential wave length and the dimensions of the system in deciding upon the method of analytical approach. If the shortest wave length of the disturbance is very large compared with the maximal dimension of the system acted upon, the maximal phase difference in the component wave between any two points must be very small, and the wave can be considered to have the same instantaneous value at all points in the system, i.e., it can be regarded as lumped at a point.
In order to get a clearer picture of wave mechanics, consider a water wave of simple harmonic shape and travelling at a constant velocity. A cork floating on the wave and restrained from moving horizontally will be observed to bob up and down with simple harmonic motion. It is apparent that the velocity of propagation of the harmonic wave, the wave length (i.e., the distance from crest to crest) and the frequency with which the cork bobs up and down are not independent. In fact, the frequency with which the cork bobs is equal to the ratio of wave velocity over wave length. Hence, the wave, which is propagated at a definite velocity, is not only a simple harmonic function of distance, but at a fixed point represents a simple harmonic function of time as well. Such a behaviour can be described mathematically by an equation of the form :
V-otEquation 1 is a three-dimensional wave equation, where P represents the pressure vector and V the wave velocity. The operator V 2 stands for the second partial derivatives with respect to the coordinates of the quantity following it. Separating the pressure vector into its three components in the direction of the three spatial coordinates, equation 1 can be expanded into three scalar equations.
Since we are dealing with a cylindrical vessel, we choose the components P r , P e and P z of the pressure vector in the direction of radius, circumference and longitudinal axis of the vessel. If we now assume that the pressure is uniform throughout any given cross section of the vessel, the radial component P r of the vector P is a function only of the axial coordinate z and the time, t. This assumption, which is implicit in all present methods for measuring blood pressure, is not strictly true, but is a good approximation for our purpose, since the radial dimension of the vessel is less than 2.5% of the wave length at the highest frequencies of interest. Under these condi-*Por details of the derivation the reader is referred to any textbook of electromagnetic field theory.
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tions the solution of the wave equation becomes :
P(z, t) = fi(z -vt) + f 2 (z + vt) (2) where P(z, t) is the amplitude of the pressure wave and f 2 and f 2 are arbitrary functions.
A function such as f i (z -vt) represents a disturbance travelling along the z-axis with a velocity v, while f 2 (z + vt) corresponds to a wave propagating in the negative z-direction. The mathematical form of the functions f i and f 2 depends upon the type of disturbance creating the wave. For sine waves, they will be sine or cosine functions of (z ± vt).
In the presence of friction losses we obtain a damping term in the wave equation :
For a Newtonian fluid and laminar flow in a linear system the damping term is directly proportional to the viscosity of the conducting medium. The friction losses result in an exponential decay of the wave as it propagates away from the source. The solution for a sinusoidal disturbance P o sin &>t , in the direction of the positive z-axis, becomes then P(z,t) = P o e-«z sin(< u t -/3z) (4) This is more conveniently written in exponential form: P(z, t) =P o e-i" e )ut (5) where y = a + j/8 = the propagation-constant a = damping constant /? = phase constant For the case of the superposition of a downstream and an upstream travelling wave, the pressure at any point is given by adding the solutions for each wave. This results in an expression of the form: P(z, t) = P i e ) u t -^ + P 2 e'"' + ^ (6) where Pie 1 "' and P 2 e Jaj t represent the disturbance creating the downstream and upstream travelling wave respectively.
The propagation constant is, of course, a function of the physical properties of the conducting medium and is always a complex number. Its real part, a, the damping constant, describes the amplitude variation with distance and its imaginary part, /?, the phase constant, indicates the way in which the phase of the wave changes, i.e., the velocity at which the transient disturbance is propagated.
The velocity at which a simple harmonic disturbance travels is the phase velocity, mathematically described by:
where V p = phase velocity Al = distance over which the phase velocity is measured A© = difference in phase angle between the two measurements A. = wave length f = frequency The phase constant fi is inversely proportional to the wave length, and is experimentally evaluated by measuring the phase difference of the wave over a given distance. The damping constant a is roughly proportional to frequency. 1 4 In a simple elastic system, the phase velocity is related to the physical properties of the system by the Moens-Korteweg equation:
where B = modulus of elasticity of the vessel wall p = mass of blood per unit volume R = vessel radius d = thickness of vessel wall Theoretically the determination of phase velocity offers an easy experimental approach to the evaluation of the elastic properties of a blood vessel in vivo. As Hardung 14 has shown, the values calculated for phase velocity, in rubber tubes and arteries fit, in general, quite well with those predicted from theory, provided the stress and strain distribution is considered in evaluating the modulus of elasticity.
In contrast to the phase velocity, the groupvelocity expresses the speed at which the compound wave and hence the energy travels. Skilling 13 gives the following analogy for the two velocities: the ripples along the back of a caterpillar travel at the phase velocity, whereas the bulk of the beast moves at the group velocity. In general, the group veloc- ity would be expected to be close to the familiar foot-to-foot velocity of the pressure pulse. Because the pressure pulse changes its shape considerably along the arterial bed, points of equal pressure on the rising and falling parts of the pressure curve will have different transmission times and therefore the foot-to-foot velocity is only an approximation for the group velocity.
In addition to the propagation constant, the behaviour of a uniform segment of the vascular tree is determined by a second parameter, the characteristic impedance Z o . Z o relates pressure to flow at the entrance of an infinitely long uniform vessel. In contrast to the vascular resistance which, in the hemodynaniic literature, is defined as the ratio of mean pressure to mean flow (and represents a real number), impedance includes the effects of the visco-elastic and inertial properties of the vascular system and its contents. Similar to the propagation constant, it is characterized both by a magnitude and an angle.
The relation between pressure and flow at the end of the segment under discussion is called the load impedance. Similar to the characteristic impedance, it contains viscoelastic, resistive and inertial components and is therefore a complex variable. The further out one goes in the arterial bed, the less becomes the influence of the imaginary components visco-elasticity and inertia, and the closer the load impedance approaches a pure resistance. Since we are dealing with a distributed parameter network, each segment to be considered is very small and its load impedance represents the input impedance of the following segment. Two consecutive segments with different properties, in other words, mismatch between characteristic and load impedance, give rise to reflected waves, and the wave observed in the steady state will be the super-position of the incident wave travelling downstream and the reflected wave, travelling upstream. Figure 1 shows a diagram of a blood vessel ending in two branches. A steady state sinusoidal pressure generator is assumed at the vessel entrance. The pressure wave drawn with full dots at the bottom of the figure, travels for two wave lengths along the vessel to the right and is partly transmitted and partly reflected at the branch point. The dotted line represents the transmitted, the starred line the reflected wave. The line characterized by open circles is the actual pressure wave upstream of the branching point, i. e., the measured pressure, which is the vector sum of the incident and reflected wave. The amount and the phase of reflection are determined by the relation between characteristic and load impedances. Since frictiona] losses occur, the amplitude of the incident wave decreases along the vessel toward the branch point and the amplitude of the reflected wave decreases toward the origin of the vessel. Because of the frictional losses, no true standing waves can be produced.
In figure 2 the same waves are shown again in form of a polar plot over the wave length just prior to the branch point. Each wave is represented as a vector, i.e., by amplitude and angle. Distance is expressed in terms of angles, one wave length corresponds to 360°C or a full rotation of the pressure vector. The vector A representing the downstream travelling pressure wave starts on the real positive axis (zero phase angle) with a magnitude P + . It rotates uniformly clockwise over 360° during one wave length, decaying exponentially during this travel because of friction-losses. The rate of decay and rotation are determined by the attenuation and phase constant, and at the end of one rotation (z = I) its magnitude is Y + e~a l . The vector B represents the part of the incident wave which is reflected at the branch point z = I. In this diagram its magnitude P~ is 2/3 of the incident wave and its augle 50°. During its travel from the branch point upstream B also decays exponentially and rotates uniformly clockwise. After travelling one wave length its magnitude is P~e a! . Since the reflection coefficient is different from unity and also has an angle, the incident and reflected wave differ both in amplitude and phase. The net pressure (Vector C) at any point in the vessel is the vector sura of the incident and reflected wave at that point and its locus describes an elliptic spiral, which varies both in magnitude and in phase as a function of distance. At z = 0 its value is P o = P + + P~ c oi , at the branch point its magnitude is Pi = P + e~a l + P~. Note that although the incident and the reflected vector rotate uniformly, the resultant vector does not. This is indicated by the difference in arc length between the cross bars drawn at each eighth of a wave length. Hence its phase change over a wave length is not equal to 360°. This means, of course, that the wave length of the resulting wave is not exactly the same as the wave length of the incident wave. (This same fact is also apparent from figure 1.) As the phase angle increases along the vessel, the two waves will be alternatively in phase and in phase opposition, and thus the magnitude of pressure will ripple as a function of distance. Since at any point the pressure is a sine function of time, the magnitude of the wave goes through maxima and minima, a quarter-wave length apart. Under these conditions, the group velocity also varies with frequency and bears no longer a simple relation to the actual movement of energy.
The relations between amplitude, phase and phase velocity of the incident and the actual wave composed of incident and reflected wave along a uniform vessel are summarized in figure 3. In the absence of reflections, the behaviour is characterized by equation 5. At a given moment the amplitude of the pressure wave decays exponentially and its phase linearly along the vessel. As a result, the phase velocity is constant throughout the course of the vessel. In the presence of a reflected wave the behaviour is characterized by -equation 6, and amplitude, phase and phase velocity oscillate as a function of distance around their true value, namely the respective value for the incident wave. I t is this true phase velocity and its related parameters, such as wave length, which are of primary interest in hemodynamics. One has to arrive at some estimate of these values from the experimentally observed phase velocity which, over a given interval, depends upon the location of the observation points and the distance between them. If the measurements are made over a small interval the apparent phase velocity will be very sensitive to changes in the reflection coefficient. If the apparent phase velocity is determined at a distance of less than 1/4 wave length from the reflection point it is always in excess of the true phase velocity, regardless of the type of termination (open or closed). If the measurement is made several wave lengths away from the reflection point, the apparent phase velocity fluctuates less and less about its true value. Hence we can fix two limits for the value of the true phase velocity in the pulmonary vasculature. At low frequencies, where the length of the bed is considerably greater than a quarterwave length, the measured phase velocity will be in excess of the true phase velocity. With increasing frequency the observed phase velocity will approach the true phase velocity as an asymptote.
The phase velocity is not only an interesting parameter per se, but enters explicitly into the relations between pressure gradient and oscillatory motion of the blood, as well as those between vessel-expansion and flow within. A better knowledge of its behaviour is essential for the understanding of the behaviour of pulsatile flow. The physiological significance of pulsatile flow is often underestimated, although a recent review summarizes the evidence for its importance for capillary circulation, kidney function and cellular metabolism.
15
EXPERIMENTAL
Methods
The experiments were carried out in ten mongrel dog's, weighing between 15 and 20 kg. The animals were anesthetized with jSTembutal, intubated and artificially ventilated through a Harvard respiration pump. After thoracotomy, two or three catheters, made from Nylon tubing* (20 cm long, 2.5 mm 0. D., 0.4 mm wall thickness), were introduced through small branches of the upper and lower lobe arteries, advanced to the desired measuring points in the main, right or left pulmonary artery, and connected to Statham strain gauges P23D. The results obtained with this system were compared in two experiments with those observed simultaneously from two catheter tip manometers (Dallonst catheters), placed at the same measuring points as the Nylon catheters.
Measurements were made with the lungs either In five animals the chest was closed and sealed after obtaining the open chest measurements. A Nylon tube, connected to a Statham P23D gauge was left in the pleural cavity through which intrapleural pressure was monitored. Care was taken to expand the lungs fully before sealing the chest wall in order to minimize the effects of pneumothorax. In these cases the overflow valve was adjusted for the value of intrapleural pressure in order to obtain the desired transpulmonary pressure during the recording periods.
In several experiments, lobar arteries were clamped as close to the origin as possible for 10 to 20 seconds. In four experiments additional catheters were introduced through a small lobar vein branch and wedged into the venous side of the capillary system. Through these catheters an estimate of the pressure on the venous side of the capillary system was obtained. This is so because only a small outflow segment is obstructed by the catheter, so that the latter transmits the dynamic pressure at the next upstream branch point for an alternate flow path. Weibel 1 " has shown that such pathways exist on the venous side through the peribronchial plexus venosus. Although these experiments lasted several hours, no infarction was observed in the eannulated segments. Figure 3 in Lloyd's paper 17 also indicates that appropriate drainage exists under these experimental conditions.
The distances between catheter openings were measured at autopsy by threading a marked catheter through the various vessels at a transpulmonary pressiire of 15 cm H 2 O. Since the vascular bed is somewhat longer in the inflated as eompai'ed to the deflated lung, our results overestimate the phase velocity somewhat for the deflated and underestimate it for the inflated lung. This error is probably less than 5% because the change in vessel length is proportional to the cube root of the change in lung volume.
All pressures were recorded simultaneously together with an ECG, intratraeheal or transpulmonary and peripheral arterial pressure on an 8-ehannel San born oscillograph at a paper speed of 100 mm/see. The overall frequency response of the sen sing-recording system was flat up to 30 cycle/sec and without phase shift between individual channels, as evaluated by dynamic calibration with a sine pump similar to the one described by Taylor. 5 Since the distances involved and hence phase angles and transit times are much smaller than in the peripheral vasculature, these frequency requirements are quite critical. Static calibration was carried out with a water manometer. The obtained tracings were manually sampled at intervals of 0.01 second and the digitalized data subjected to Fourier analysis, using first an IBM 650 and later an IBM 1620 digital computer.
The Fourier representation of the pressure pulse can he written : CO p(t) = a 0 + % ( a n c o s n t + K s i n n t ) (9) n = 1 whieh can be rearranged to: (10) where: a n = -J ' p (t) cos nt dt b n = -. f p(t) sin n19t dt \ In addition to the sine and cosine coefficients the computer printed out the magnitude C n and the phase angle 0 n . Initially this was done for the first 10 harmonics, establishing the frequency behaviour between 0 and 30 cycle/sec, since the latter value represents the frequency of the tenth harmonic for a heart rate of 180. However, it was found that the harmonies above the sixth were within the noise level of the measuring system and the analysis was consequently reduced to the first six harmonics.
Even the amplitudes of the fifth and sixth harmonies were often below 2 cm H 2 O. Since we were only able to measure pressures accurately to 0.25 cm H2O with our system, the error associated with the calculation of phase angles and phase velocities for the fifth and sixth harmonic was between 10% and 20%. In contrast, the measurement error for the first four harmonics did not exceed 5%. The revised computer program contained also the calculation of phase angle differences, phase-velocity and attenuation according to equations 6 and 7. At least three consecutive pressure pulses were analyzed for each recording period. Two or three sets of measure-
FOURIER ANALYSIS OF A PRESSURE CURVE IN THE PULMONARY ARTERY
FIGURE 4
Actual tracing of a pressure pulse in the pulmonary artery and its reconstruction from five harmonics by Fourier analysis.
mcnts were obtained for each lung volume. Care was taken to ventilate the dog properly between the various recording periods. Running time of the computer was approximately three minutes per pressure pulse and more than 1000 pulses were analyzed in these ten animals. In order to evaluate the geometry of the pulmonary arterial tree, vascular casts of 12 dog lungs were obtained in situ both in the supine and prone position with the lungs either inflated at a transpulmonary pressure of 25 cm H 2 O or deflated at a transpulmonary pressure of: 5 cm HoO. Batson's corrosion solution No. 17,* a nicthylmethacrylate monomer which is polymerized to the solid polymer at room temperature, was injected under a pressure of 25 cm H 2 0 . In the infla ted lung, the solution usually did not pass through the capillary bed, while the easts of the deflated lung extended into the pulmonary venous system and'i!he left heart. The solution hardened within 30 minutes and maceration of the preparation was obtained by immersion in a solution of potassium hydroxide (500 g KOH to 1000 g of H 2 O) for 24 to 48 hours. The smallest vessels reproduced by the cast had an internal diameter of % mm. Shrinkage of the cast as tested in a series of glass tubes was found to be 15% in volume and 5.5% in diameter. All measurements were made with a micrometer and are reported uncorreeted for shrinkage.
•Manufactured \>y H. D. Justi and Son, Inc., Philadelphia, Pennsylvania. Figure 4 shows the fit between an actual tracing and its reconstruction from the first five harmonics. An analysis of the figure reveals that 97% of the harmonic content is associated with the first two harmonics and more than 90% with the first five harmonics. The mean square error of the fit was less than 2% for the first four harmonics and decreased only 2/10% when two additional harmonics were added. In other words, the first four harmonics of the Fourier series represent an excellent approximation of the pressure pulse and no significant improvement in the approximation can be expected by the addition of a few more terms in the Fourier expansion. This most fortunate circumstance could have been predicted from the low amplitudes of the higher harmonics. In table 1 are listed the results obtained from the analysis of 30 pressure pulses in one animal. In this experiment three Nylon and two Dallons catheters were placed into the pulmonary arterial bed. One of the Nylon and one of the Dallons catheters were introduced through a right upper lobe artery into the main pulmonary artery, the other Dallons and a second Nylon catheter through a lower lobe artery into the right pulmonary a r t e^ 7.3 cm apart from the first measuring point. The third Nylon catheter was placed through a middle lobe artery into the right pulmonary artery at a distance of 5.6 em from the proximal and 1.7 em from the distal measuring point. Except for the second harmonic, the results in columns 3a and 3b are in excellent agreement. The better frequency response of the Dallons catheters as tested by a sine pump was, in our experience, offset by baseline drifts and clotting problems, which did not exist in the other measuring system. The table shows that the apparent phase velocity varied as a function of frequency and lung volume and was significantly larger in the periphery (column 2) as compared to the more proximal part of the pulmonary artery (column 1), both in the inflated and deflated lung. The relatively large standard error in column 2 for all fre- quencies and for the sixth harmonic in the other columns is due to the limitations of the measuring systems with respect to sensitivity and measuring distance as discussed under '' Methods.'' Figure 5 represents the data obtained in another animal, with the catheters located in the proximal part of the right pulmonary artery, 5.3 em apart. The apparent phase velocity is plotted as a function of frequency, both for closed and open chest and inflated and deflated lungs. In all four conditions there is a marked frequency dependence of the apparent phase velocity, particularly at low frequencies. At higher frequencies the values appear to approach an asymptotic value around 200 cm/sec. In general, the apparent phase velocity Mras larger for the deflated lung as compared to the inflated lung. In contrast, a comparison between the data of closed and open chest preparations showed no consistent trend. phase velocity with distance in the deflated Jung of the same animal. In this instance, the second catheter was withdrawn in steps to the points marked on the diagram of the right pulmonary artery at the bottom of the figure. Each set of six bars represents the apparent phase velocity for the first six harmonics over the indicated distance. The widest variations in phase velocity occurred over the distances involving the major branching points, A, C and D. For the inflated lung, the results were similar, except that the apparent phase velocity was lower and the variation over the measuring distance C had shifted to B. These marked oscillations of apparent phase velocity with frequency can be reduced by proper clamping of major branches. Figure 7 depicts the results from one such experiment. With all the major branches of the left pulmonary artery except two lower lobe arteries clamped, the phase velocity varied only between 320 and 500 cm/ sec as a function of frequency over the range studied. Unclamping of the various branches did not significantly alter the phase A'elocity of the first two harmonics, but introduced a peak velocity of 1050 cm/sec for the fourth harmonic.
Results
The overall results obtained in all ten animals are presented in table 2. The apparent phase velocity for the fundamental frequency is in the order of 250 cm/sec for the inflated and 325 cm/sec for the deflated lung. It varies as a function of frequency with peak A' elocities at the frequencies of the third and fifth harmonics.
The pulsations of the pressure pulse are transmitted across the capillary bed. Figure  8 shows the amplitude of the various harmonics of the pressure pulse in the pulmonary lu, IPLITUDE OT PRE5SURE PUL5E
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FIGURE 7
Change in apparent phase velocity with frequency with major branches clamped and undamped.
artery of the right middle lobe and from a catheter placed in a pulmonary venous wedge position in the same lobe. The first two harmonics are perfectly well transmitted into the venous side of the capillary bed, particularly in the deflated lung. For the inflated lung the amplitude is lower than in the deflated lung. This difference is most apparent for the pulmonary venous wedge pressure in the closed chest. Since the distance between the two measuring sites was not measurable in this instance, the apparent phase velocity could not be calculated. However, from the data obtained, one can determine the attenuation or inverse gain of the pressure pulse as a function of frequency. The results for the experiment of figure 8 are represented in figure 9 , where amplitude and angle of the transfer function are plotted as a function of frequency in the complex attenuation plane.
The coordinates -of such a locus plot represent the real and the imaginary part of the transfer-function respectively. The frequencies investigated in this particular experiment range from zero to 12 cycle/sec, the heart rate being 2 cycle/sec ( fig. 8) . Connecting the attenuation for the various frequencies in numerical order by a smooth curve results in a logarithmic spiral. If the pulse were transmitted without attenuation such a plot would represent a unit circle. For the nonpulsatile term (f = 0) the attenuation, is close to unity on the real axis. As the frequency increases the attenuation becomes progressively larger. Note that for the inflated lung the plot could only be extended to three harmonics because of the large amount of damping present. One must conclude that pulmonary capillary flow is less pulsatile during positive pressure inflation as compared to deflation. In contrast to the pulmonary capillary bed, a plot of attenuation against frequency in the pulmonary artery forms an ellipsoid. Figure 10 represents such an example recalculated from the data shown in figure 5 . The amplitude of the pressure pulse increases over the measured distance for all frequencies studied except for the fifth and sixth harmonies in the closed chest preparation, since all these points lie within the \mit circle. For comparison, a locus plot for data obtained simultaneously in the thoracic aorta over a distance of 12 cm is shown at the bottom of the figure. In this case there is a significant attenuation of all harmonic components except the first. The exact shape of such a plot depends not only on the vessel parameters but also on the amount of reflections present, as Konniger is pointed out. The geometry of the larger branches of the pulmonary arterial tree is shown in figures 11 and 12, and the data obtained from 12 vascular casts are summarized in tables 3 to 5. Note that the main pulmonary artery and its two major branches form essentially three adjoining edges of a cube. The left pulmonary artery slopes caudally in a gentle curve while the right continues on a straight course for approximately 4 cm, over which the upper i + 1 THORACIC AORTA
FIGURE 10
Locus plots of inverse gain (attenuation) for right pulmonary artery and thoracic aorta. Data obtained simultaneously with those of figure 5 . lobe artery arises. It curves then suddenly caudally with an angle of close to 45°. Since we were impressed by the ellipsoidal shape of the casts of the pulmonary artery, we measured the longest diameter and, at a right angle to it, a second (minor) diameter at the points marked on figure 12 . The ratio of these diameters was never unity, not even between branching points within the investigated region of the vascular tree. The cross section is therefore not circular and hence we used the approximation formula for the area of an ellipse (-ab) for the calculation of the cross section, where a and b are the major and minor semiaxes of the ellipse. This, and the higher perfusion pressures employed by Patel et al., 19 may account for the fact that our values are considerably lower than those figure 11 . Distances are measured from pulmonary artery valves either to the various branch points (first five rows) or to the end of the longest lobar branch in each of the 12 oasts. UL, ML, CL, LL refer to upper, middle, cardiac and lower lobes, respectively. 21 and 2r stand for left and right pulmonary artery, respectively.
reported by these investigators, although the cross section ratios of the sum of the two daughter vessels to the mother vessel are similar for the first branch point, which was the only one studied by them. Calculation of the cross section on the basis of a circular area, the radius of which was obtained by measuring the circumference, showed an average Circulation Research, Volume XII, June 19GS ratio of 0.82 between elliptic to circular cross section, the largest difference being in the right main pulmonary artery (0.72). The spatial orientation of the major and minor axis varied from segment to segment and is probably influenced by the shape of: the adjacent structures. Except for the right pulmonary artery no significant difference in cross section
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RIGHT FIGURE 11
Photograph of a> east of the pulmonary arterial tree.
or diameter ratio due to body position or lung volumes was observed in our limited sample (table 5) . Because of changes in flow and transmural pressure such differences may exist in the intact animal under dynamic conditions. Although the diameter ratio of the right pulmonary artery was significantly larger in the supine as compared to the prone position, the calculated cross section appeared to be independent of the bod3r position. The marked flattening of the right pulmonary artery in the supine position is apparently due to the weight of the niediastinal organs. The ratio of the combined cross section of right and left pulmonary artery to the cross section of the main pulmonary artery was less than unity, a finding already reported by Patel. 19 The cross section ratios of the other major branch points (table 4) were rather close to unity and significantly less than the
LEFT FIGURE 12
Schematic diagram of the pulmonary arterial tree with the measuring sites referred to in tables 3-5. ratio of 1.26 postulated by Fleisch. 20 The volume of the arterial tree was obtained from the cast weight and the specific weight of the east material. The average volume was 24.3 ± 1.8 ml, which is in excellent agreement with the values reported by Peisal et al. 21 in the living dog.
Discussion
We can now attempt to compare the experimental results with those predicted from theory. The superposition of incident and reflected waves results in a compound wave, with nodes and antinodes at intervals of a quarter wave length for each frequency. Our results show that the apparent phase velocity varies both with frequency and distance, as the theory predicts (figs. 5 and 6). However, the agreement between theory and experiment is only qualitative, as the following argument shows. From the average heart rate of 120 per minute and an average true phase velocity of 250 mm/see, as estimated from the extrapolation of the results in table 2 to an asymptotic value, one obtains a wave length of 125 cm for the fundamental and of 21 cm for the (table 4) represents, therefore, 1/8 of a wave length for the fundamental and 3/4 of a wave length for the sixth harmonic. Under these conditions the apparent phase velocity in the investigated segments of the pulmonary vasculature should be higher than the true phase velocity for the first three harmonies and lower for the fourth, fifth and sixth harmonics, as indicated by the numbered circles in figure 3 . This is clearly not the case for our experimental results.
On the other hand, one can attempt to explain the dispersion of the pressure pulse by different propagation velocities and selective damping of the various harmonics, associated with mass and friction in the central part of the arterial bed. 22 However, with this assumption the correspondence between theory and experimental results is even worse. In contrast to the pulmonary capillary bed, where all harmonies are markedly attenuated (figs. 8 and 9), there is no damping of the pressure pulse in the pulmonary artery ( fig. 10) . As a matter of fact, all the harmonics increase in amplitude over the distance measured. Physically, there are only two possibilities to account for such an increase, namely the addition of energy, which would require an active system, or the superposition of incident and reflected waves. In contrast to the pulmonary artery, the plot of figure 10 shows some damping for the higher frequencies in the thoracic aorta. Similar data have been reported by McDonald and Taylor 3 ; however, these authors have also shown that the amplitude of the higher harmonies begins to increase as the pulse wave approaches the peripheral arterial bed.
The frequency dependence of phase velocity and input impedance has been demonstrate by a number of investigators for Hag periphera l3-8 ' 23"26 as w e ll a s f or t h e pulmonary arterial bed. 27 ' 2S It is difficult to see how these results could be interpreted Otherwise than in terms of reflected waves. It is, however, not always realized that the similarity between a model of a stogie viscoelastic tube and the living vascular system with its multiple branch points may be quite remote. Any of the models proposed describes only a short and uniform vascular segment and cannot account for the complex geometry of the vascular bed (fig. 11 ). As pointed out in the section on theory, the input impedance of each such segment represents also the load of the previous segment and a mismatch at a junction gives rise to reflections. Since these segments are quite short, reflected waves must arise in very close succession and superimpose themselves upon the downstream travelling wave. Only if the number of reflection sites or the reflection coefficients are small will a separation of the various components be possible. It is apparent that under these conditions the outlined theory is not refined enough to allow a quantitative theoretical evaluation of experimental results in animals. It is, nevertheless, useful for the understanding of wave propagation and reflection, as well as for a qualitative interpretation of our results. The existence of multiple reflection sites does not invalidate the concepts of apparent and true phase-velocity, as applied to pressure pulses in the circulation, although it makes their interrelation much more complex.
Some of the recent experimental results in the peripheral circulation have been interpreted as indicating that the terminations of the large vessels supplying pelvis and thigh are the dominant reflection sites in relation to the aorta. 3 ' 9 i 24 "Woinersley 2 calculated the amount of reflection to be 14% at the bifurcation of the aorta and about 7% at the multiple branching of the upper aorta. Taylor   0 and Ronniger ls estimated the magnitude of reflection at the termination of the femoral vascular bed at approximately 50% and coneluded that the total reflection from the vascular bed is much greater than that from the sites of branching of major arteries. Our experimental design was based on these calculations. It is well known that if the iutraalveolar pressure exceeds the pulmonary capillary pressure, the capillaries collapse. Hence, inflating the lungs -#ith a positive pressure higher than the mean pulmonary artery pressure will transform the pulmonary arterial tree to a state resembling a closed pipe while during deflation of the lungs the system should exhibit a more open-ended type of reflection. Although there was a marked difference with respect to transmission of pulse pressure and attenuation through the capillary bed under these two experimental conditions (figs. 8 and 9). the effects upon the frequency and distance dependence of the apparent phase velocity were considerably smaller than those of clamping the major branches (figs. 5 and 7). It is impossible to determine reflection coefficients on the basis of pressure measurements alone, but the data (figs. 6 and 7) indicate that the primary reflection sites in the pulmonary vasculature are represented by the major branch points. Our values for phase velocity are in good agreement with the 250 cm/see which Caro and McDonald 27 calculated from P a t e l ' data. They investigated the frequency behaviour of the pulmonary arterial bed in the rabbit and found the average phase velocity to be aboi;t 85 cm/sec at 6-11 cycle/sec, and considerably higher at lower frequencies. The relatively stable value of their apparent phase velocity at higher frequencies may be related to the longer interval (in terms of wave length) over which the measurements were made. Due to an averaging effect, the discrepancies between measured and true phase velocity tend to be reduced if the determination is made over a long distance ( fig. 3 ).
There are several reasons why Womersley's e estimates for reflections in the peripheral circulation are not valid for the pulmonary vascular tree. He calculated the amount of reflection as functions of cross section ratio and the non-dimensional parameter a. The latter is uniquely determined by vessel radius, angular velocity and kinematic viscosity of the liquid. His plots show a minimum of reflection for a cross section ratio between 1.1 and 1.3. This minimum, which represents the optimum for the energy transfer across the junction, is associated with the higher of these velofi ing cl the pul the flow Further: at the first bends in tin Because of the multiple branchheart, the straight part of irtery is not long enough for Jfoecome free of entrance-effects, cross section ratio of 0.78 ichpoint as well as the sharp 'oximal parts of the system will introduce vortex systems and convective acceleration pressure gradients which can not be neglected. Changes in the spatial relations of major and minor axes of the different segments and their branches will introduce additional complications in the relation between pressure gradient and flow velocity as predicted by the Navier-Stokes equation. On the basis of the presently existing theories the magnitude of these secondary effects cannot be predicted, and most of these relations will have to be worked out on more realistic models before a comprehensive physical theory can be established.
Summary
The propagation of the pulse wave through the canine pulmonary arterial tree has been evaluated by means of harmonic analysis. The apparent phase velocity varied both with frequency and distance as one would expect in the presence of reflected waves. The phase velocity was about 230 cm/sec for the inflated and 325 cm/see for the deflated lung. Theoretical considerations as well as experimental results indicate that the major branches represent the primary reflection site for the pulse wave. The pulse pressure is transmitted across the pulmonary capillary bed, although at a high attenuation, and the transmission varies markedly with lung volume.
The dimensions of the pulmonary arterial tree were evaluated from casts. Data for the length and cross sections of the various branches are given. The volume of the arterial tree as represented by the casts was 24 ml. The cross section of the various branches represents an ellipse rather than a circle, and the cross section ratios of the major branch points is considerably less than those postulated for optimal energy transfer. The implications of the geometrical findings for the relation between pressure gradient and flow are briefly discussed.
